A Generic Approach to Analyze the Impact of a Future Aircraft Design on the Boarding Process by Yildiz, Bekir et al.
energies
Article
A Generic Approach to Analyze the Impact of a
Future Aircraft Design on the Boarding Process
Bekir Yildiz 1 ID , Peter Förster 1 ID , Thomas Feuerle 1 ID , Peter Hecker 1,* ID , Stefan Bugow 2 ID and
Stefan Helber 2 ID
1 Institute of Flight Guidance, Technische Universität Braunschweig, 38118 Braunschweig, Germany;
b.yildiz@tu-braunschweig.de (B.Y.); peter.foerster@tu-braunschweig.de (P.F.);
t.feuerle@tu-braunschweig.de (T.F.)
2 Institute of Production Management, Leibniz Universität Hannover, 30167 Hannover, Germany;
stefan.bugow@prod.uni-hannover.de (S.B.); stefan.helber@prod.uni-hannover.de (S.H.)
* Correspondence: p.hecker@tu-braunschweig.de; Tel.: +49-531-391-9802
Received: 15 December 2017; Accepted: 18 January 2018; Published: 30 January 2018
Abstract: The turnaround process constitutes an important part of the air transportation system.
Airports often represent bottlenecks in air traffic management (ATM), thus operations related to
the preparation of the aircraft for the next flight leg have to be executed smoothly and in a timely
manner. The ATM significantly depends on a reliable turnaround process. Future paradigm changes
with respect to airplane energy sources, aircraft design or propulsion concepts will also influence
the airport layout. As a consequence, operational processes associated with the turnaround will
be affected. Airlines aim for efficient and timely turnaround operations that are correlated with
higher profits. This case study discusses an approach to investigate a new aircraft design with
respect to the implications on the turnaround. The boarding process, as part of the turnaround,
serves as an example to evaluate the consequences of new design concepts. This study is part of
an interdisciplinary research to investigate future energy, propulsion and designs concepts and
their implications on the whole ATM system. Due to these new concepts, several processes of the
turnaround will be affected. For example, new energy storage concepts will influence the fueling
process on the aircraft itself or might lead to a new infrastructure at the airport. This paper aims
to evaluate the applied methodology in the case of a new boarding process, due to a new aircraft
design, by means of a generic example. An agent-based boarding simulation is applied to assess
passenger behavior during boarding, particularly with regard to cabin layout and seat configuration.
The results of the generic boarding simulation are integrated into a simplified, deterministic and
generic simulation of the turnaround process. This was done to assess the proposed framework for
future investigations which on the one hand address the ATM system holistically and on the other,
incorporate additional or adapted processes of the turnaround.
Keywords: aircraft turnaround; boarding; event discrete modeling; Monte Carlo simulation;
agent-based simulation; blended wing body; cabin layout
1. Introduction
Over the last several decades, not much has changed in the aircraft handling business. In order
to achieve the highly ambitious goals of the European Aviation Flightpath 2050, aviation must move
towards more sustainable energy sources, and has a significant role to play in reducing noise and
emissions [1]. The expectation of new energy sources and aircraft technologies possesses among other
things different environmental demands on airport infrastructure and management. This paper studies
the impact of a new aircraft design on the ground handling operations at airports.
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The paper is structured as follows: The first section provides a brief insight into the turnaround
(TA) process, whereas an overview of the future aircraft concepts in the context of the resarch
cluster “Energy System Transformation in Aviation” is given additionally. Thereafter, an operational
assessment of changes in turnaround processes is taken. Afterwards, properties of the applied
agent-based and event discrete framework are explained in Sections 2 and 3. The paper concludes
with a summary of the obtained methods to investigate the aircraft turnaround and gives an outlook
on future work.
1.1. Future Aircraft Designs
Future aircraft have to meet the goals of less noise as well as lower fuel consumption and emissions,
which requires fundamental changes in aircraft design and technologies. Within the project “Energy
System Transformation in Aviation”, three aircraft designs [2] have been generated (Figure 1). As shown
in Figure 1, one possible application for long-range traffic is the blended wing body (BWB) airplane.
Compared to the conventional baseline, the BWB implicates remarkable performance improvements,
including drastic reductions in aerodynamic drag together with laminar flow control on wings and
fuselage and structural mass reduction [3]. The BWB with multiple aisle cabin layout may reduce
boarding times and tends to result in minimized minimum connecting times, as the boarding is on the
critical path. While long-haul flights will be based on synthetic high-density liquid energy storage,
regional and short-range transport demands can be realized with electric or electro-hybrid systems [4].
Accordingly, the impact of the variation in energy supply and transmission in the aircraft on the
ground handling has to be taken into account. Table 1 summarizes the possible reference applications.
(a) Tube and wing (b) Tube and wing (c) Blended wing body
Figure 1. Reference aircraft designs.
Table 1. Summary of the reference aircraft applications. Data from [4].
Regional/Short Range Medium Range Long Range
Configuration Tube and Wing Tube and Wing Blended Wing Body
Passengers 100 150–200 200 300–400
Propulsor Integration Integrated/Boundary Layer Ingestion
Fuel Cell + Electric Intercooled Recuperated
Energy Conversion
Electric Motor Motor Gas Turbine, Synchronised Electric Motor
Energy Storage H2 Battery Synthetic Fuel
1.2. Aircraft Turnaround
In aviation, aircraft turnaround is defined as the airplane parking time between on–block and
off–block timestamps. Basically, turnaround includes cleaning, catering, refuelling, cargo and baggage
handling, plus getting passengers onto and off of the airplane. Efficient aircraft turnaround will
increase the number of productive flying hours. Therefore, faster turnarounds for lower ground times
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are correlated with higher profits, and an efficient aircraft turnaround is an important element for
airlines to be competitive [5]. Even a minimum reduction in turnaround time at the gate or a remote
position from the terminal can produce remarkable benefits, particularly for short range carriers [6].
The Gannt chart in Figure 2 shows some general planning information and turnaround design
provided by the manufacturer. Obviously not all processes can take place simultaneously. According to
local and International Civil Aviation Organization (ICAO) safety requirements, refuelling with
passengers on board is only allowed if a fire service is provided. Moreover, cleaning and catering
will not take place while passengers are embarking, disembarking, or remaining on board the aircraft.
The white regions in the Gantt chart refer to non–activity.
0 10 20 30 40 50 60 70
Time (min)
Activity
Critical Path
Positioning/Removal
Deboarding/Boarding at door L1
Deboarding/Boarding at door L2
Headcounting
Catering at door R1
Catering at door R2
Catering at door R4
Cleaning Available Time
Cargo forward Cargo Compartment
Cargo aft Cargo Compartment
Bulk Cargo Compartment
Refuelling
Potable Water Servicing
Toilet Servicing
Figure 2. Turnaround Gantt Chart of the A350-900. Data from [7].
Usually, airliners or ground handlers have individually adopted procedures and corresponding
process times. Furthermore, the critical path is not static and mainly depends on the (minimum)
turnaround time and the actual delay [8].
1.3. Operational Assessment of Changes in Turnaround Processes
The impact of future aircraft designs on operational procedures is highly dependent on the specific
configuration of aircraft types. As indicated by the simulation results, introducing the suggested BWB
concept will likely decrease the overall turnaround time compared to conventional aircraft of similar
size by reducing the boarding time. Since airlines incur a loss of revenue as well as operational costs
due to prolonged turnaround times [9], the BWB concept potentially offers economic benefits with
regard to the turnaround process. Furthermore, shorter boarding times allow for a greater amount of
flexibility in ground handling and might lead to a beneficial restructuring of the process concerning,
for example, staff allocation or customer satisfaction [10]. However, a sharp decrease in boarding
times or additional changes regarding other activities during the turnaround process might limit the
effectiveness of further improvements. Therefore, an integrated approach including all activities of
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the turnaround process must be applied to fully assess the operational changes implied by the BWB
concept aircraft.
The same approach is to be utilized for the assessment of operational changes of other future
aircraft types as well. Especially with regard to the proposed short-range aircraft in Figure 1a,
different sorts of energy sources must be taken into account. Instead of the standard refuelling
process, the resulting turnaround necessarily includes activities to provide H2 or electric energy.
Thus, the structure of the overall process is likely to differ from the conventional turnaround concerning
both the included activities as well as the critical path. In addition, aspects of storing and transporting
H2 or electric energy must be considered with respect to operational as well as infrastructural planning
of the turnaround process.
2. Boarding Simulation
One approach of the microscale model for simulating the operations and interactions of passengers
in an attempt to predict the boarding time is the agent-based simulation. The agent-based modeling is
a simulation modeling technique that focuses on the individual active components of a system.
It is a computational model for simulating the interactions of active entities, known as agents,
in terms of assessing their effects on the system as a whole. These autonomous agents may be vehicles,
products, companies or in this case passengers [11].
To investigate the boarding process different passenger flow model approaches have been proposed
in literature. Dealing with different boarding strategies, an agent-based simulation model was
conducted by Livermore [12] and Audenaert et al. [13]. The commercial air traffic simulation CAST
offers also the possibility to simulate the passenger ingress process [14]. The simulation model created
by Schultz et al. is based on the so called asymmetric simple exclusion process, where the boarding can
be descrided as one dimensional, stochastic forward directed and space and time discrete process [15].
An overview of existing microscopic passenger flow model approaches is provided in [16].
The passenger flow simulation framework PAXelerate focuses on the assessment of novel cabin
architectures and is used to determine the boarding time [17]. Using an A-Star search algorithm,
the passengers are able to take the shortest and most cost-efficient path to their assigned seat. The agent
builder based on a Gaussian distribution allows the creation of passengers with individual properties
like body size, age, and walking speed (Table 2).
Table 2. Simulation properties (M: mean, DEV: deviation).
Anthropometric Female Male Seat Interference Luggage Stowing
Width (cm)
M 41.4 47 Standing Up
Passenger Waiting
Time (s)
3
Distance (cm)
M 80
DEV 1 2.8 DEV 10
Height (cm)
M 164.5 177.5
Small (s)
M 10
DEV 11.5 11.1
Process Time (s)
M 7 DEV 5
Depth (cm)
M 27 30 DEV 1.5
Medium (s)
M 15
DEV 3 5 Passive Passenger
Waiting Time after
Collision (s)
0.3
DEV 7
Weight (kg)
M 60 90
Large (s)
M 20
DEV 15 20 DEV 5
Interruptions like luggage stowing or clearing the way for other passengers in order to allow
them to reach their seat are modeled as time delays. These input values are provided by the software
developers and show a good correlation with the common research approaches [18,19]. An integrated
cabin layout generator is provided to define cabin characteristics such as overall length and width as
well as seat configuration and type of seating classes. A more detailed report about the open source
software PAXelerate can be found in [17].
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2.1. Reference Applications
Within the framework of the proposed investigation, the main focus will be put on the boarding
simulation of the blended wing body aircraft. The reference application for the BWB features 400 seats
in an one-class (high density) twenty-abreast quintuple-aisle layout, as illustrated in Figures 3 and 4.
Figure 3. Blended wing body high-density seat layout.
Figure 4. Cross-sectional cabin layout for the blended wing body.
The passengers have randomly assigned seats and enter the cabin via main door L1. Table 3
summarizes the cabin layout characteristics for the short and long haul reference cases. The values
for seat pitch, seat width, and aisle width are based on typical economy class seats [20,21]. A more
detailed description of the structural design of the BWB fuselage is available in [22].
Table 3. Cabin layout characteristics for the reference cases. Data from [2,22]. BWB: blended wing
body; TAW: tube and wing.
Parameter Single-Aisle (TAW) Quintuple-Aisle (BWB)
Cabin layout Single-class
Cabin width 2.64 m (8.66 ft) 14.60 m (47.9 ft)
Fuselage length 30.83 m (101 ft) 30.486 m (100 ft)
Seats 100 400
Seat abreast 2 - 2 2 - 4 - 4 - 4 - 4 - 2
Seat pitch 0.75 m (30 inch)
Seat width 0.50 m (20 inch)
Aisle width 0.64 m (25 inch)
Boarding strategy Random
The boarding simulation results are obtained with an input set of 100% load factor (LF) and
an usual distribution for a low degree of hand luggage on the basis of [5] (no: 20%, small: 40%,
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medium: 35%, large: 5%). The literature provides various values regarding passenger boarding
rate. According to Airbus, the boarding rate amounts to 15 passengers/min (PPM) per door [23].
Other estimations range from 18 to 30 PPM [24]. Under these directives, a boarding rate of 18 PPM per
door is assumed for the simulation runs. It should be noted that such LFs are rarely achieved and the
impact of hand luggage distribution on boarding times is distinct and proven by [5]. However, a full
load must be assumed to plan the aircraft schedule. To arrive at a stable mean value, a great number of
simulations need to be run (Monte Carlo method). The following values for the boarding times were
obtained, as shown in Table 4.
Table 4. Comparison of boarding times for different aircraft cabin layouts (PAX: passenger, STDEV:
standard deviation, FD: front door).
Single Aisle Twin Aisle (B772) Quintuple Aisle (BWB 1 FD)
PAX Mean (s) STDEV (s) PAX Mean (s) STDEV (s) PAX Mean (s) STDEV (s)
80 384.7 29.43939 200 741.9 16.14139 200 714.6 16.18641
100 470.2 25.04129 240 877.5 11.46243 240 831. 5 7.36788
120 530.1 37.66357 280 1003.0 15.26902 280 974.5 9.89444
160 670.5 32.05984 320 1152.8 17.23562 320 1101.8 5.58058
200 818.8 33.98627 360 1279.6 16.35169 360 1239.6 6.10737
240 966.1 30.89570 400 1411.0 19.81582 400 1376.6 5.20689
For each configuration (and strategy) the boarding simulation was run fifty times. In case of
the BWB the static analysis provided initial evidence for improved robustness. Figure 5 shows the
boarding time as a function of the passenger capacity for the different seat configurations. As expected,
the boarding times increase with the number of passengers. Comparing the BWB cabin concept with
the contemporary B772 of similar passenger capacity reveals lower boarding times. Furthermore, it can
be seen that the use of a second front door (FD) on the same side significantly improves the passenger
ingress process. The benefit increases with higher passenger capacity, and an efficiency gain of 42% for
the BWB with 200 seats up to 47% (400 seats) can be observed.
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Figure 5. Boarding time (LF: load factor).
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As shown in [25] the boarding of a twin-aisle aircraft also would benefit from the utilization of
a second (rear) door, which results in 25–30% faster boarding depending on the boarding strategy.
But it must be noted that in this case the cabin is parted into two sections, whereas some passengers
are boarded via the front door and others via the rear door. In contrast to the BWB there is marginal
space for a second front door on the same side. Significant improvements could also be made
using a quarter and three–quarter door, splitting passengers into four streams. This scenario could
enable an estimated boarding time reduction by 55% for tube and wing aircraft [26]. Compared to
conventional seat layouts, the probability of passengers in the wrong alley will most likely increase.
Therefore, flight attendants have to show the passengers the direct way to their allocated seats to avoid
disorientations. However, the simulation model does not account for those situations.
2.2. Boarding Strategies
Interested in speeding up the boarding procedure, airlines have tested different boarding
strategies. There are many ways to improve the boarding process and various procedures have
been implemented that designate a predefined series of passengers entering the aircraft depending on
their assigned seats [27,28]. To determine the efficiency, three different boarding options are simulated,
as shown in Figure 6:
• Random: The passengers enter the aircraft randomly without a special grouping.
• Outside–In: The BWB cabin is parted into five segments, whereas the last segment is boarded first,
then moving to the front one by one. For each cabin segment, passengers with window seats get
into the aircraft first, then those with aisle seats.
• Rear to Front: The traditional strategy commonly used in the industry. This strategy consists of
loading the airplane from the back to the front.
60 % 85 % 100 %
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Figure 6. Efficiency of different boarding strategies for the blended wing body (BWB) with two
front doors.
The percentage of seats filled (LF) is set to 60%, 85% and 100% (400 PAX). Interestingly,
a completely random boarding policy outperforms all others, presumably because it randomly avoids
space conflicts. Another surprising finding is that the outside-in strategy crystallizes as the worst
performing policy, whereas former studies of conventional aircraft indicated that this procedure is
one of the fastest [15,29]. This is probably traced back to the fact that each cabin segment is loaded
separately beginning with the last one, thus leading to jam formation. It must be pointed out that
the implementation of the outside-in procedure on the BWB cabin layout differs from the common
definition of the resarch community.
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3. Turnaround Simulation
The boarding simulation was integrated into a generic turnaround simulation, which primarily
estimates the time required for the cargo loading, catering, cleaning, and refuelling sub-processes.
The aim is to develop a framework which provides the means to investigate the influences of new
aircraft design and energy or propulsion concepts on the ATM system following a holistic approach.
The turnaround simulation itself was implemented into a discrete event simulation environment
based on MATLAB/Simulink/SimEvents. SimEvents builds on a flow-based modeling approach
where so-called entities flow as commodities through the system (or network) from node to node.
This transaction-based modeling concept [30] depends on events which evoke the advancing of an
entity in the network, such as the beginning or the end of a process. Typical modeling blocks, which can
also be found in other discrete event simulation environments, comprise generators, sinks, servers,
gates or queues, and entities. The latter can be assigned with attributes, which can be manipulated
during the course of the entity through the network, thus affecting its proceeding. The environment
used in this generic approach furthermore comprises additional functions, tailored to specific needs
of the depicted turnaround process, such as synchronization, automatic data evaluation, generic
configuration, or Monte Carlo functionalities. New functions can easily be implemented by means of
the underlying MATLAB domain.
The developed environment provides hierarchical modeling (thus allowing for modeling different
levels of detail) and stochastic functionalities to provide easy adaption to requirements, defined by
particular conceptual models and (if available) real-life operational data. Conceptual and data models
could be derived from specific airport or airline characteristics.
The simplified generic turnaround model used for this case study is provided in Figure 7. It depicts
a high level of hierarchy of the modeling environment itself. Here, a parallel fueling process was
adapted as a possible option. Due to the generic character of the modeling environment, this could
be easily adapted to the regulation which forbids parallel fueling by changing the structure of the
model by drag and drop. The particular sub-process durations were deducted from the manufacturer,
as shown for example in Figure 2. Aircraft types were grouped into four major classes [20,31–33].
Figure 7. Simplified discrete event turnaround model.
To generically test possible implications on the operational processes on the ground and to evaluate
the proposed framework (with respect to the boarding process), one typical day (17 November 2017)
in Frankfurt Airport (FRA) was chosen as shown in Figure 8. Concerning this scenario example, it has
to be mentioned that only for a subset of arrivals, departures could be assigned.
Energies 2018, 11, 303 9 of 12
0 5 10 15 20
0
20
40
60
0 0 0 0 0
23
15
42
58
26
21
49
45
2122
58
39
23
26
46
49
15
12
2
Time (h)
A
rr
iv
al
s
0 5 10 15 20
0
20
40
60
0 0 0 0 2 2
19
30
25
50
60
43
54
57
26
19
5051
18
23
37
50
12
0
Time (h)
D
ep
ar
tu
re
s
Figure 8. Flight operations at Frankfurt Airport on 17 November 2017.
Due to requirements of the turnaround simulation, the arrivals were labeled with ascending flight
identification numbers, since the entities (i.e., aircraft) in the simulation model have to be unequivocal.
Because of missing departure information, as mentioned above, only arrivals were considered for
the calculation of the turnaround duration in this study. Thus, a comparison between turnaround
durations and scheduled departure times is neglected at this step. Since it was decided to use only
arrivals as input for the simulation model, the full set of arrivals at that day in FRA was used as shown
in Figure 9.
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Figure 9. Comparison of turnaround (TA) times with and without the blended wing body airplane.
Figure 9 illustrates the implications of the altered boarding durations when introducing the
BWB aircraft into current operations at FRA. In this scenario, 593 arrivals and 35 different types
of aircraft are used as input for the turnaround simulation. Exemplary, all Boeing 777-200 (B772),
Boeing 777-300R (B77W), Airbus A340-300 (A343), and Airbus A340-600 (A346) were substituted by the
BWB. The boarding time of the BWB equals the two front door configuration with a 100% load factor.
Though a substantial savings with regard to the duration of the boarding process could be expected up
to 47%, the turnaround process as a whole reveals smaller savings, see Table 5. This is due to the critical
path of the turnaround model, where the unloading and loading sub-processes also define the end of
the turnaround.
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Table 5. Turnaround of B772 and BWB.
Flight ID 244
Destination Frankfurt
Origin Washington-Dulles
Airline United Airlines
Flightnumber UA 932
Arrival 11:37
TA B772 78 min
TA BWB 75 min (−3.85%)
Hence, it will be necessary to investigate the loading sub-process of the new design configuration
of the BWB. Figure 10 gives an outlook of possible vehicle configuration for the BWB, affecting the
loading sub-process and to be taken into account during future investigations of the sub-process.
Figure 10. Turnaround gate layout. Adapted from [34].
4. Conclusions and Outlook
This paper investigated the boarding procedure on the basis of a new seat layout which was
proposed for a new blended wing body airplane. The study is part of an interdisciplinary research
project which evaluates future propulsion, energy and design concepts. Here, the design as well as
the seating configuration for the newly shaped aircraft was deducted, providing the input for the
boarding simulation. Since a holistic approach, in order to assess the implications of the new concepts
on the ATM system, will be implemented at a later stage, the methodology of a suitable framework
has to be assessed. This was done in two steps. Firstly by generically creating boarding times,
using the open source, agent-based passenger flow simulation software PAXelerate and respective
default input parameters. Stochastic influences of the boarding process as well as different boarding
strategies were considered. A B772 model served as a reference to compare the calculated boarding
times with a conventional aircraft with similar passenger capacity. The analysis of the boarding process
identified advantages for the blended wing body cabin layout in comparison with conventional aircraft.
With the utilization of a second front door on the same side, significant enhancements are achieved,
though this is currently not foreseen in the aircraft design.
In the second step, the calculated estimations of boarding times were introduced into a
traffic scenario of Frankfurt in order to evaluate the simulation environment which represents the
complete turnaround and will be subsequently used to simulate different airports. Here, a simplified,
generic turnaround model was implemented into a discrete event simulation environment,
using standard times of sub processes, provided by manufactures. Bearing in mind the dependencies
of the turnaround on operational procedures of particular airlines, airports or ground handlers,
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as well as on regional influences or seasonal patterns, this generic approach was chosen to test
the methodology rather than to reproduce operational data of specific conditions. The turnaround
simulation of the chosen generic scenario showed that by an exemplary replacement of conventional
aircraft of similar passenger capacity, the blended wing body aircraft design has the potential to
increase the efficiency of ground handling. In future studies, the focus will lie on the modeling of
the disembarking process. Furthermore, a refinement of the boarding simulation will be carried out
using other simulation packages and investigating the impact of different passenger boarding rates
and hand luggage distributions. Due to the fact that the refueling process is affected by new energy
storage concepts, the turnaround simulation model will be adapted to consider these new process
durations which address the variation of energy storage and transmission in the aircraft.
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